We have carried out a combined experimental and simulation study identifying the key physical and optical parameters affecting the presence and degree of fluorescence intensification measured on zinc oxide nanorod (ZnO NR) ends. Previously, we reported on the highly localized, intensified, and prolonged fluorescence signal measured on the NR ends, termed as fluorescence intensification on NR ends (FINE). As a step towards understanding the mechanism of FINE, the present study aims to provide an insight into the unique optical phenomenon of FINE through experimental and simulation approaches and to elucidate the key factors affecting the occurrence, degree, and temporal stability of FINE. Specifically, we examined the effect of the length, width, and growth orientation of single ZnO NRs on the NR-enhanced biomolecular emission profile after decorating the NR surfaces with different amounts and types of fluorophore-coupled protein molecules. We quantitatively and qualitatively profiled the biomolecular fluorescence signal from individual ZnO NRs as a function of both position along the NR long axis and time. Regardless of the physical dimensions and growth orientations of the NRs, we confirmed the presence of FINE from all ZnO NRs tested by using a range of protein concentrations. We also showed that the manifestation of FINE is not dependent on the spectroscopic signatures of the fluorophores employed. We further observed that the degree of FINE is dependent on the length of the NR with longer NRs showing increased levels of FINE. We also demonstrated that vertically oriented NRs exhibit much stronger fluorescence intensity at the NR ends and a higher level of FINE than the laterally oriented NRs. Additionally, we employed finite-difference time-domain (FDTD) methods to understand the experimental outcomes and to promote our understanding of the mechanism of FINE. Particularly, we utilized the electrodynamic simulations to examine both nearfield and far-field emission characteristics when considering various scenarios of fluorophore locations, polarizations, spectroscopic characteristics, and NR dimensions. Our efforts may provide a deeper insight into the unique optical phenomenon of FINE and further be beneficial to highly miniaturized biodetection favoring the use of single ZnO NRs in low-volume and high-throughput protein assays.
INTRODUCTION

4
ZnO NRs as distinct detection elements rather than ZnO NR ensembles, especially for in vivo imaging 21 and in vitro assays 11, 12, 15 requiring extremely low-volume and high-throughput analyses. Before such miniaturization can be fully realized, however, there is a critical need to probe individual ZnO NRs discretely since individual materials may possess substantially different optical behaviors than their ensemble-averaged response, as has been reported for single and multiple quantum dot systems.
22,23
Understanding the optical profiles of the individual nanomaterials collectively contributing to the enhanced spot signal can furthermore provide a basis for accurate signal processing and interpretation.
These efforts can also initiate an exploration into newfangled characteristics associated with single nanostructures.
To this end, we have previously shown an intriguing phenomenon of fluorescence intensification on nanorod ends (FINE) observed from fluorophore/protein-coupled individual ZnO NRs. 24 This recent work signifies the first study to identify FINE by resolving photostability and fluorescence intensity on single ZnO NRs. However, the exact origins and mechanisms governing FINE are not yet well understood. As a step towards understanding the mechanism of FINE, valuable insights into the unique optical phenomenon of FINE need to be provided by elucidating key nanomaterial/biomolecular factors affecting the occurrence, degree, and temporal stability of FINE. Hence, a comprehensive investigation that qualitatively and quantitatively correlates the precise effect of important parameters such as the growth orientations of ZnO NRs, the physical dimensions of ZnO NRs, the use of different fluorophores, and the fluorophore/protein concentrations on the presence/degree of FINE is still highly For biomolecule treatment of the NRs, TRITC-antiIgG and DTAF-antiIgG were received from KPL, Inc. and Rockland Immunochemicals, Inc., respectively. Both TRITC-antiIgG and DTAF-antiIgG were reconstituted as per manufacturing recommendations and further diluted in deionized water (DI). The
ZnO platforms were incubated with 10 µL of varying concentrations of each fluorophore-coupled
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Nanoscale Accepted Manuscript protein, protected from light, and placed in humidity controlled chamber for 5 min. The substrate was subsequently washed twice using 40 µL aliquots of DI, dried under a gentle stream of N 2 , and immediately imaged. Post-imaging, substrates were cleaned by exposure to N 2 plasma for 5 min under vacuum in a Harrick PDC-32G plasma cleaner at a setting of 18 W radio frequency for removal of the biomolecules.
For all optical measurements, a Zeiss Axio Imager A2M (Carl Zeiss, Inc., Thornwood, NY) microscope equipped with an AxioCAM HRm digital camera was employed. Reflected bright-field illumination and unpolarized fluorescence excitation were produced using a 12V/100 W halogen lamp and a 120 W mercury vapor lamp (X-Cite 120Q), respectively. For TRITC-antiIgG (DTAF-antiIgG), a spectroscopic setting of 540-552 nm (450-490 nm) excitation and 575-640 nm (510-540 nm) collection was employed along with a 560 nm (495 nm) long-pass filter to ensure collection of only the biomolecular emission. Samples were subjected to 10 min of constant irradiation in a darkroom and imaged periodically using a 2 sec exposure and an EC Epiplan-NEOFLUAR 50X magnification (numerical aperture, NA = 0.8) objective lens. The uncompressed time-lapse images were exported from AxioVision to the Java-based image-processing program, Image J, for analysis and subsequent signal quantification was conducted using Origin 8 software (OriginLab Corp.).
All simulations were performed using FDTD Solution 8.7 (Lumerical Solutions, Inc.). The nanostructure and its surrounding medium were divided into meshes of 3 nm in size. The refractive indexes of the surrounding medium and ZnO were taken to be 1 and 1.95, 25 respectively. The ZnO NR was modeled as a hexagonal prism while changing its width and length. In order to simulate the case of TRITC-antiIgG (DTAF-antiIgG) while accounting for the physical size of the protein, an electric dipole with the radiation wavelength of 576 nm (517 nm) was placed on the middle or at the end of the NR, 10 nm away from the NR surface. and vertical (V-ZnO NR) with respect to the NR nucleation plane, as shown schematically in the top panel of Fig. 1(A) . In Fig. 1(B Fig. 2 (B) presents time-lapse fluorescence panels displaying the temporal and spatial emission characteristics of 1 µg/mL TRITCantiIgG on a L-ZnO NR (top) and a V-ZnO NR (bottom). We chose this model system in order to simultaneously understand the NR orientational factor on the degree of FINE and examine the effect of the fluorophore's spectroscopic property on the presence of FINE. The degree of FINE is defined as the enhancement level of the fluorescence signal collected from NR ef with respect to that measured from NR sf . For the L-ZnO NR in the top panel of Fig. 2(B) , strong TRITC-antiIgG emission at the two far ends of the NR can be clearly seen even at 10 min, at which point the fluorescence signal on the NR main body is substantially reduced and no longer clearly visible. This indicates that constant irradiation yields faster fluorescence decay from TRITC-antiIgG on the main body of the NR than from the NR ends. The degree of signal intensification in FINE, (I avg,NRef -I avg,NRsf )/I avg,NRsf , was determined as 47% on average for the L-ZnO NR displayed. Similarly, in the bottom panel of Fig. 2(B) , fluorescence characteristics of 1 µg/mL TRITC-antiIgG on a V-ZnO NR ef were captured by focusing on the tip of the protruding single ZnO NR. Considerably stronger fluorescence intensity was observed on the end facets of V-ZnO NRs than on the same facets of L-ZnO NRs exposed to identical biomolecular deposition conditions. When compared to the initial intensity at T = 0 sec measured on the L-ZnO NR ef , the average fluorescence intensity of 1 µg/mL TRITC-antiIgG on the V-ZnO NR ef was five times higher.
TRITC-antiIgG on the Side and End Facets of L-versus V-ZnO NRs.
For the emission profiling of proteins on the V-ZnO NR sf , the focal plane was adjusted to the middle of the NR main body at the midpoint between the growth wafer and the NR tip planes. Parallel to the example, leaky loss through underlying substrates in thin film waveguides can be reduced by removing and replacing the substrate with a low-loss material during waveguide construction. 26 A similar trend of radiation loss induced by the substrate was also reported in whispering gallery mode lasing in ZnO nanodisks. 27 Tapered ZnO nanodisks, rather than those with flat bases, can be used to reduce the area of low-contrast index at the ZnO-substrate interface and thus, serve as reflectors by enabling a high index contrast barrier at the substrate interface. In addition to the contribution from the loss via substratecontact, the collection angle of the fluorescence signal may also play a part in our observations of a higher degree of FINE for V-ZnO NRs relative to L-ZnO NRs. In our measurement configuration, where the detector is fixed at an angle above the sample plane, the far-field radiation emanating from the end facets can be more efficiently directed in space into the collection lens for the vertically arranged NR ef than the laterally placed NR ef . In particular, the main emission axis from the NR ef for the V-ZnO (L-ZnO) case falls within (outside) the half angle defined by the numerical aperture of the lens as the NRs are standing out of (lying flat within) the sample plane . Hence, the increased degree of FINE observed from V-ZnO NRs relative to L-ZnO NRs in our study may also have originated from the better directional collection of the biomolecular emission.
Occurrence Frequency and Possible Origins of FINE. In Fig. 2(C) , distributions in the lengths and widths of all L-ZnO NRs used for the statistical analyses of biomolecular fluorescence intensities are provided in the respective histograms. We repeatedly observed the phenomenon of FINE from a large number of ZnO NRs as shown in Fig. 2(C) where, within the experimental parameters of NR length/diameter and protein concentration/fluorophore type we tested, FINE was consistently observed from all NRs charted in Fig. 2(C) . A majority of ZnO NRs used in our experiment exhibit an aspect ratio greater than 10:1 in length:width. When considering the total surface area of the two hexagonal end facets versus the six rectangular side facets for a typical NR with an aspect ratio of 10:1, a total surface area ratio of 30:1 (NR sf : NR ef ) is expected. When assuming an equal preference of IgG binding to the two types of NR facets, the surface area ratio implies that the amount of proteins found on the NR side facets will be much greater than on the end facets due to a greater available surface area for protein adsorption. The estimated protein number density ratio will be the same as 30:1 (on NR sf : on NR ef ) based on the available facet area for a full protein coverage. However, the average fluorescence intensity measured from I avg,NRef in our experiments was always higher than I avg,NRsf . It is also likely that proteins show a different degree of binding towards the two NR surfaces. The exact binding preference of IgG on different ZnO NR crystal facets is not known at the individual crystal level. Nonetheless, a few systems investigating facet-specific binding of enzymatic proteins on cellulose microfibril crystals, whose geometric shapes resemble those of one-dimensional ZnO NRs, reported that surface adsorption of proteins is favored on the side facets relative to the end facets of the microfibril crystals. 31, 32 Despite that more proteins are expected on the NR side facets compared to the end facets based on the two factors of a larger surface area and a higher protein binding preference to the side facets, higher fluorescence signal is consistently observed from the NR ef than from the NR sf in all our measurements.
Hence, the amount of proteins on different ZnO NR surfaces does not seem to have a considerable effect on the presence of FINE. Rather, the unique optical behavior of FINE observed from the ZnO NRs seems to have originated from the inherent material property of ZnO in reduced physical dimensions coupled with the high shape anisotropy which will be discussed later in depth with our simulation data.
Temporal Stability of FINE and Photostability on Different NR Facets. The phenomenon of ZnO
NR-enabled FINE was systematically profiled further by quantitatively analyzing the temporal fluorescence profiles of TRITC-antiIgG and DTAF-antiIgG measured from the NR ef and NR sf regions for each NR orientation. These results are summarized in Fig. 3 and Table 1 for different concentrations of the two types of fluorophores investigated. In panels 3(A and B), the three-dimensional (3D) contour plots profile fluorescence intensity as a function of both time and position along the long axis of a LZnO NR for 10 µg/mL DTAF-antiIgG (A) and 1 µg/mL TRITC-antiIgG (B). As was qualitatively evidenced in Fig. 2 , the highly localized fluorescence intensification from the two ZnO NR end facets relative to that along the NR main body is displayed in Figs. 3(A and B) for the cases of DTAF-antiIgG and TRITC-antiIgG, respectively. In Fig. 3(C and D) , the time-dependent emission decay profiles of 10 µg/mL DTAF-antiIgG (C) and 1 µg/mL TRITC-antiIgG (D) on different positions of L-and V-ZnO results also corroborate the experimental observations. As effective dipole emission coupling into the ZnO NR body reduces the radiation energy directly emitted to far-field from the dipole location and instead, leads to radiation propagation along the NR long axis for subsequent far-field emission from the NR ends, the phenomenon of FINE may be readily observed from the ZnO NR platform.
Far-field Radiation Depending on the Dipole Wavelength and the Presence of a ZnO NR Medium.
We also performed 3D electrodynamic simulations to further elucidate the underlying coupling mechanism between the different fluorophore/ZnO NR systems contributing to the experimentally observed FINE phenomenon. An isolated electric dipole radiating at 517 nm for DTAF-antiIgG's emission is provided in Fig. 6 (A) to display the torus-like radiation pattern emanating outwards in the plane perpendicular to the dipole orientation when no medium is coupled with the dipole. Unlike this
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Nanoscale Accepted Manuscript uniformly distributed emission of the electric dipole in free space, the radiation patterns of a dipole placed 10 nm away from a ZnO NR surface in Figs. 6(B and C) are markedly affected by the physical characteristics of the underlying NR. As displayed in Fig. 6(B) , the radiation pattern of the 517 nm dipole displays more of a dumbbell-like 3D pattern propagating along the long axis of the ZnO NR. In this simulation, only the dipole polarization case oriented perpendicular to the ZnO NR surface was considered since this configuration led to the largest degree of coupling, as was described in Fig. 5 . The 3D radiation pattern was prominently suppressed at the origin in the X-direction, while there was significant enhancement in the Y-direction. The reduced dimensions and high anisotropy of the proximate ZnO NR influenced the intrinsic emission behavior of the nearby oscillating dipole.
Additionally, to probe the effect of wavelength on this coupling behavior, Fig. 6 (C) illustrates the emission pattern from an electric dipole radiating at 576 nm modeling the case of TRITC-antiIgG's emission. Similar to the 517 nm dipole, there was a dumbbell-like pattern propagating along the Y-axis, however, the degree of guided radiation varied. For the specified NR dimensions used in the simulation, a slightly better directional coupling along the ZnO NR was seen for the 517 nm dipole relative to the 576 nm dipole. Fig. 7 . The same configuration used earlier is displayed in Fig. 7 (A) to serve as a reference for probing the effect of NR dimensional changes on the electromagnetic radiation pattern of a 517 nm dipole. The evaluated physical dimensions of NRs in Fig. 7 (B through D) are 2.5 µm in length / 100 nm in diameter (B), 10 µm/100 nm (C), and 2.5 µm/500 nm (D). A pair of far-field patterns is shown in Fig. 7(B-D) for each NR, where the top (and bottom) simulations correspond to the spatial patterns observed from the Z-axis (and X-axis). Fig. 7(B) displays the far-field radiation patterns from the 517 nm dipole placed 10 nm away from the surface of a ZnO NR exhibiting an aspect ratio of 25:1 (length:width). In Fig. 7(C) , the NR width was held constant and the NR length was increased by a factor of 4 when compared to the NR in Fig. 7(B) . The use of a longer NR in Fig. 7 (C) revealed more prominent and highly directional emission behavior along the NR long axis when compared to the results shown in Fig. 7(B) . By contrast, when the NR length from Fig. 7(B) was held constant and the Page 26 of 32 Nanoscale Nanoscale Accepted Manuscript 27 width of the NR was increased by a factor of 5, the far-field radiation pattern became more complex with less directionality as seen in Fig. 7(D) . In this case, the energy was radiated into several directions with a relatively small solid angle. The simulations corroborate the experimentally observed trend of an increased degree of FINE for longer rods at each concentration level of DTAF-antiIgG assayed.
Further, experimentally, we did not observe any correlation between variations in width and the degree of FINE. 
SUMMARY
In summary, we provide much needed insights into the origin and mechanism of FINE previously identified from individual ZnO NRs coupled with fluorophore-tagged biomolecules. We have systematically profiled the key factors affecting the intriguing optical behavior of FINE from individual ZnO NRs by examining the effect of the NR length, width, and orientation as well as the protein concentration and fluorophore's spectroscopic property on the presence, degree, and temporal stability of FINE. We consistently observed highly localized intensification of fluorescence signal on the ZnO NR ef relative to the signal collected along the NR sf and confirmed the presence of FINE from all our measurement cases consisting of varying NR physical dimensions, orientations, and fluorophore types.
The degree of FINE was found to be dependent on the NR orientation, NR length, and protein concentration. The measured degree of FINE was highly pronounced for V-ZnO NRs relative to L-ZnO NRs. Additionally, the degree of FINE on ZnO NRs was increased in magnitude for longer NRs and for higher protein concentrations. Temporally, the biomolecular emission signal on the ZnO NR ef persisted much longer relative to the photostability of the signal derived from the NR sf when comparing the timedependent decay of fluorescence intensity measured from the end facets versus side facets of individual ZnO NRs consisting of different orientations and physical dimensions decorated with different fluorophore types. Further FDTD simulations, taking into account various scenarios of dipole polarizations, emission wavelengths, locations on the NR, and NR physical dimensions, also corroborated our experimental observations of each factor on the presence and the degree of FINE. We anticipate our efforts will encourage innovative applications exploiting the highly directional, localized and enhanced FINE in single ZnO NR-based biodetection as well as provide an understanding for signal interpretation of fluorescence-based applications employing ensembles of vertically oriented ZnO NRs.
